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Conductive nanocrystalline graphite has been deposited using plasma-enhanced chemical vapour 
deposition at 750 °C, directly onto silicon substrates without any catalyst and fabricated into 
micromechanical membrane and beam structures. Using the buckling profile of the membrane and 
beam structures, we measure a built-in strain of -0.0142 and through wafer-bow measurement, a 
compressive stress of 436 MPa. From this we have calculated the Young’s modulus of nanographite 
as 23.0 +/- 2.7 GPa. This represents a scalable method for fabricating nanographite MEMS and 
NEMS devices via a microfabrication-compatible process and provides useful mechanical properties 
to enable design of future devices. 
1  Introduction  
Graphene, thin-film graphite and graphene derivatives such as graphene-oxide (GO) are promising 
carbon based materials for micro and nano-electromechanical systems (MEMS/NEMS), and also as 
passive freestanding structures such as gas filtration membranes. The main properties of interest 
include good mechanical stiffness and strength [1] and electrical conductivity [2]. 
  
For example, graphene sheets and GO have been demonstrated as NEMS resonators [1,3,4] for high 
frequency sensors and signal processing applications; where the high stiffness and ultimate thinness 
are attractive for high sensitivity devices. GO is also of high interest for molecular filtration 
membranes [5,6] where molecules selectively pass through the defects in the crystal structure. 
 
Currently the most widely used synthesis methods for large-scale graphene require a catalyst, for 
example copper or single-crystal germanium, and a subsequent transfer process onto the device 
substrate [7-9]. This is not cost-effective and can introduce defects such as wrinkling and polymer 
contamination. GO is typically synthesised through exfoliation of graphite-oxide [10], which then 
requires a transfer through manual adhesion, and typically when produced on a large-scale has 
thickness variations. This processing route represents a significant departure from standard 
microfabrication technologies.  
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Related materials such as amorphous tetrahedral-carbon and diamond-like carbon are readily 
deposited on a wafer-scale by methods including pulsed laser deposition and filtered cathodic vacuum 
arc [11-14]. Such films have had application particularly for devices where low friction is of interest 
[11, 12] however typically have relatively poor electrical conductivity and extremely high intrinsic 
stress (>1 GPa) which leads to poor substrate adhesion, this has limited their use somewhat within 
released and freestanding MEMS applications.  
 
As an alternative carbon-based material, plasma-enhanced CVD (PECVD) using methane as a carbon 
precursor provides a scalable, microfabrication-compatible method to deposit nanocrystalline 
graphene (nanographene) and nanocrystalline graphite (nanographite) thin films directly onto 
insulating substrates such as silicon and silicon dioxide (SiO2) [15-20] thereby removing the need for 
transferal of the film between substrates.  Nanographite films typically have crystallites on the order 
of 10 nm, and a higher electrical resistivity compared with pristine graphene. Nanographite has been 
shown to have promising performance for transparent electrode applications [15, 16], as a strain 
sensor due to its high piezoresistive coefficient [17], in photovoltaics [18], in electronics [19], and as a 
potential material for MEMS/NEMS applications [20].  
 
In this work, the fabrication of micromechanical structures and mechanical characterisation of 
PECVD nanographite is presented. The stress is extracted using wafer bow measurements and the 
Young’s modulus of nanographite is then calculated using the buckling effect of both 
micromechanical membranes and doubly-clamped beams. These fundamental mechanical properties 
are essential for the future design of MEMS and NEMS using nanographite, and demonstrate a simple 
route for fabricating released structures. This represents a useful addition alongside the development 
of graphene, GO and other carbon materials, whereby some of the material properties are exchanged 
for the much greater ease of fabrication and integration afforded by catalyst-free PECVD. 
2 Materials and methods 
2.1 Film characterisation 
Raman spectroscopy (Renishaw inVia) was used to characterise the structural properties of the 
nanographite film, using 532 nm wavelength excitation laser.  
 
In order to image the material topology, a scanning electron micrograph of the film was taken using 
JEOL JSM FESEM 6700F at 80,000 times magnification. An atomic force microscope (Bruker 
Multimode AFM) in contact mode was used over a 1×1 μm scanning area to measure the film 
roughness.  
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The buckling amplitude of square nanographite membranes and beams were analysed using white-
light interferometry (Polytec MSA-400). The thickness of each membrane was measured using 
ellipsometry  (J. A. Woolham M2000), and side length was measured using optical microscopy. The 
stress of the nanographite film was determined using the wafer bow technique, a commercial 
measurement tool (KLA FLX) was used for bow measurement.  
 
The electrical conductivity of the film was measured using micro-machined ‘transmission-line model’ 
structures [21], with nickel/titanium electrodes of increasing separation (20 to 100 μm separation) 
deposited onto an electrically isolated mesa of the nanographite film. I-V characteristics were 
obtained using a ‘Cascade Microtech’ probe station and ‘Agilent B1500A Semiconductor’ network 
analyser. A voltage sweep between - 10 and 10 V was applied.   
2.2 Micromechanical device fabrication 
A commercial PECVD tool (Oxford Instruments Nanofab1000 Agile) was used to deposit 
nanographite onto 6-inch silicon wafers. The deposition conditions are summarised in table 1. The 
hydrogen acts as a diluent, controlling deposition rate and promoting graphitic carbon growth by 
etching amorphous carbon [16]. The relatively high deposition temperature of 750 was used, since 
this was the minimum temperature to obtain graphitic carbon growth, below which amorphous carbon 
or no deposition occurs. Similar PECVD films have growth temperatures ranging from 525-900°C 
[16,19]. A deposition rate of approximately 2 nm per minute was measured, and the average final 
thickness of the film was measured across the wafer using white-light ellipsometry.  
 
Temperature 750 °C 
Chamber pressure 1500 mTorr 
H2 flow 75 sccm 
CH4 flow 60 sccm 
RF Power 100 W 
Table 1. Summary of deposition conditions 
 
Figure 1 shows the main fabrication steps of separate membrane and doubly-clamped beam 
microstructures. Silicon wafers were first RCA cleaned and then a 400 nm thin film of SiO2 was 
deposited by PECVD using an Oxford Instruments system 100. For the membranes, 280 nm of 
nanographite was deposited onto the SiO2 layer (figure 1-A). 1.5 µm SiO2 was then deposited using 
PECVD onto both back and frontside, and squares were patterned onto the backside SiO2 and etched 
using Ar/CHF3 reactive ion etching (RIE) (figure 1-B). The silicon handle was then etched using 
tetramethylammonium hydroxide (TMAH) leaving 30 μm of silicon. Complete silicon etching was 
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achieved using Ar/SF6 inductively-coupled plasma (ICP) etch until the buried SiO2 film [22]. The 
buried and front-side SiO2 layers were then etched using RIE, fully releasing the nanographite 
membrane with side lengths between 190 and 275 μm (figure 1-C). An optical microscope image of a 
membrane is shown in figure 2-A. 
 
Figure 1. Fabrication flow schematic for nanographite membrane (A-C) and doubly-clamped beam (D-F). 
 
 
For the beams, a 200 nm thick SiO2 film was deposited using PECVD and patterned using 
photolithography and RIE. This creates a sacrificial spacer defining the released beam length (figure 
1-D). Subsequently, 400 nm of nanographite was deposited over the spacer, and patterned into a beam 
with large anchors (figure 1-E). The nanographite is etched using O2-based RIE. HF vapour, with the 
sample heated at 40 °C, is then used to isotropically etch the SiO2 spacer and release the beam (figure 
1-F). Beam lengths between 65 and 140 μm have been fabricated. A scanning electron micrograph of 
a buckled beam shown is in figure 2-B. 
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Figure 2. (A) Optical microscope image of 193.3 μm nanographite membrane, view taken from backside. (B) 
SEM image of fabricated 140.0 μm nanographite beam, taken at high 80° angle. Scale bar (A) 50 μm (B) 20 μm.  
3 Theory/calculation  
3.1 Membrane buckling 
The buckling behaviour of square micromechanical membranes has been utilised as a method to 
characterise the Young’s modulus of, for example, Si3N4 membranes [23.24]. Here, the buckling 
characterisation of membranes will be applied to nanographite membranes, such as shown in figure 2-
A, for the calculation of the material Young’s modulus. 
 
The geometry of compressively stressed square membranes has been shown to lie within 3 regimes, 
defined by their buckling shape, depending on the level of in-plane strain. For regime 1, σ < σcrit1 and 
the membrane is flat. In regime 2, when σcrit1 < σ < σcrit2, the membrane is buckled with rotational and 
four-fold symmetry. In regime 3, σ > σcrit2 and the membrane is buckled with rotational symmetry 
only. Mathematical analysis using energy-minimisation techniques of the buckling behaviour of 
square membranes has been undertaken previously by Ziebart et al. [23]. This analysis establishes a 
relation between the maximum out-of-plane amplitude of a buckled square membrane, and the in-
plane strain of the material. The analysis uses dimensionless displacements where the pre-strain 0  is 
given in equation 1, in terms of the strain ε, side length a, and thickness h: 
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where the fitting parameters 1 6c c  are calculated as in equation 4, where ν is the Poisson’s ratio. 
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3.2 Stress measurement 
The stress has been separately calculated by measuring the change in the level of bowing from the 
substrate before and after the deposition of the nanographite film, using the commonly used Stoney’s 
equation (5), where σ is the film stress, ES is the biaxial Young’s modulus of the substrate, νs is the 
substrate Poisson’s ratio, ts and tf are the thickness of substrate and film respectively, and R0 and R are 
the radius of curvature before and after film deposition. 
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From the measured values of stress and strain, ε, the Young’s modulus E can be extracted from the 
following relationship (6) [23].  
 1
E
 


  (6) 
3.3 Beam buckling 
To provide a second, independent measurement of the Young’s modulus of the nanographite film, the 
buckling behaviour of doubly-clamped beams has been used. Analytical solution for the amplitude of 
a doubly-clamped beam is presented by Nayfeh et al. [25]. The beam follows the mode shape as 
described in (7), where the amplitude w along the length x (figure 2-B) is given by: 
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Where the in-plane force is P, second moment of area I and cross-sectional area of the beam is A,   
is an eigenvalue corresponding to the mode shape and wˆ  is the out of plane buckling amplitude. Since 
the beam is of a high width to thickness ratio w/h > 5, it is under plane strain condition and E is 
replaced by effective Young’s modulus 
2
(1 )E E   [26]. 
 
The doubly-clamped beams were then modeled using commercial finite element (FE) analysis 
software ANSYS to verify the analytical results, with biaxial strain applied to the beam. Non-linear 
static analysis was undertaken, with the maximum buckled amplitude measured. Whereas the 
analytical solution is based on an idealised beam model, with two fully clamped beam ends, the 
release process creates steps or kinks in the beam equal to the thickness of the sacrificial SiO2. The 
simulations account for these anchors as shown in figure 5-A. 
4 Results  
4.1 Film characterisation 
The measured Raman spectrum of nanographite is shown in figure 3 with the main features denoted. 
The presence of the G (1593 cm-1) peak shows sp2 bonded carbon, and the D peak arises from defects 
within the graphite lattice, such as grain boundaries. The ratio of intensities of the two peaks ID/IG 
confirms a nanocrystalline grain structure [27] and the location of the G peak is a strong indicator of 
the magnitude of the stress of graphitic films [28]. The G peak for graphitic materials under zero 
applied stress is located at around 1579 cm-1, whilst the G peak in this nanographite film is at 1593 
cm-1. This red-shift of the peak demonstrates a significant compressive stress in the film. This is 
caused by a combination of thermal stress due to the mismatch in thermal expansion coefficients 
between the nanographite and silicon substrate, and other intrinsic stress effects from the deposition. 
This is consistent with other PECVD films such as Si3N4 which are typically in a state of high residual 
stress [29, 30].  
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Figure 3. Raman spectrum of nanographite with main peaks denoted. 
 
A scanning electron micrograph showing the topology of the film is shown in figure 4. This shows the 
film to comprise of nano-graphitic crystallites and this topology and grain structure show good 
agreement with similar films [15-19]. From AFM measurements the film has an RMS roughness of 
2.58 nm, Conductivity of the film has been measured using transmission-line measurements as 99.7 S 
cm-1.  
 
Figure 4. SEM image of film morphology. Inset scale bar is 100 nm. 
 
4.2 Mechanical characterisation of membrane devices 
The Young’s modulus of the nanographite film has been calculated initially using the buckling 
behaviour of square membranes, by fitting the results for the maximum buckled amplitude of 
membranes into equation 2, section 3.1, to the experimentally measured characteristics of 
nanographite membranes. The in-plane strain is compressive, with the results detailed in table 2 
showing the average as-deposited strain to be -0.0142, where negative denotes compressive strain, 
assuming = 0.25. The constants required to calculate the strain in equation 4 show a weak 
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dependency on the Poisson’s ratio , which has not been measured. In this case, an estimate is made 
for  to lie between 0.16, of well-ordered graphite, [31] and 0.31, of isotropic graphite [32]. All 
fabricated membranes lie within regime buckling 3 as summarised in section 3.1. 
 
 
 
 
 
 
 
 
 
 
Table 2. Summary of membrane geometry and strain calculation. 
 
Using equation 5, the residual stress of the nanographite film is determined as 436 MPa compressive. 
The stress is the same (within the accuracy of the wafer bow measurement tool) for the deposition of 
membranes and beams. Using equation 6, and after taking into account measurement errors for stress, 
membrane geometry and the possible range of Poisson’s ratio (0.16-0.31), the extracted Young’s 
modulus value is 23.0 +/- 2.7 GPa. 
4.3 Mechanical characterisation of beam devices 
Analytical and FE simulation of the buckled nanographite beams has been performed to further verify 
the value of E obtained from the membrane structures. The maximum buckling amplitude of doubly-
clamped beams is calculated analytically using equation 7, assuming the value E = 23 GPa as 
calculated using the membrane buckling behaviour. This result is then compared with the buckling 
amplitude of actual beams as measured experimentally through white-light interferometry. FE 
analysis, more closely representing the actual as-fabricated beam geometry, shows a closer agreement 
between the fabricated structures, with 1.2 % underestimation between simulation and experimental 
results. Figure 5 shows a simulation result of a buckled beam with non-ideal anchors highlighted. 
 
Side 
length 
(μm) 
Maximum 
Deflection 
(μm) 
Thickness 
(nm) 
Strain 
221.0 16.6 281 -0.013 
193.3 15.3 281 -0.014 
273.4 24.0 285 -0.017 
224.9 19.2 285 -0.016 
217.4 15.8 275 -0.012 
192.6 14.9 296 -0.013 
  Average -0.014 
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Figure 5. (A), anchor clamping condition, and (B) simulation result of 140 μm buckled beam showing out of 
plane deflection. 
 
A comparison of buckling amplitude between simulation, analytical and measured results is shown in 
table 3. The relative difference between the measured results is shown in brackets, indicating a good 
agreement between simulation and measured results.  
 
 
 
 
 
 
 
 
 
 
Table 3. Summary of beam buckling amplitude measurements. 
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Beam length 
(μm) 
Thickness 
(nm) 
Amplitude 
measured  
(μm) 
Amplitude,  
FE  
(μm) 
Amplitude, 
analytical 
(μm) 
65.0 409 7.0 
6.1 
(-13.4%) 
5.1 
(-27.1%) 
90.0 398 8.5 
8.3 
(-2.8%) 
7.0 
(-17.6%) 
140.0 394 12.8 
12.6 
(-1.2%) 
11.0 
(-14.1%) 
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5 Discussion  
The measured Young’s modulus value for nanographite of 23 GPa is relatively low compared with 
pristine graphite or graphene and other carbon forms such as diamond-like carbon (~300 GPa) [11]. 
This is the intrinsic material Young’s modulus, which, in a freestanding structure, can be effectively 
altered by application of stress. The stiffness of polycrystalline graphite is strongly dependent on the 
orientation of its grains, and the misalignment between grains parallel to the substrate causes a low in-
plane stiffness [33].  
 
For the buckling behaviour of the doubly clamped beams, both FE and analytical models show a trend 
of increasing agreement to the measured result at the longest beam lengths (140 μm). The FE results 
show a small 1.2 % under-estimation of the buckled amplitude for the longest beams, compared with 
a 13.4 % underestimation for the shortest. This can be explained by an increased level of compliance 
in the beam anchors, as modelled by Kobrinsky et al [34], which is less dominant for longer beams. 
Nevertheless, the FE result agrees well with the measured result for longer beams, which confirms 
that the extracted E value is reliable. 
 
We note that the relatively high stress, though lower than in DLC films, and low modulus of the 
nanographite material are not of interest for some MEMS applications. For certain applications such 
as bi-stable switches and memory devices, [35,36] where the mechanical non-linearity brought about 
by buckling, and a low pull-in voltage are sought after; and also for graphitic gas-separation 
membranes, the material is of significant interest. The measured mechanical properties obtained in 
this work are useful for the future design of such devices. Furthermore, the tuning of PECVD 
parameters could lead to the deposition of larger-grained graphitic material, which, since the 
mechanical properties of graphites are very highly orientation-dependent, could realise a significant 
increase in both the E and lowering stress state of the film.  
6 Conclusions  
In summary, mechanical characterisation of nanographite, deposited directly onto silicon substrates 
using PECVD, has been demonstrated using micromechanical membranes and doubly-clamped 
beams. An average compressive residual stress of 436 MPa and a compressive pre-strain of -0.0142 
has been measured, and from this, a Young’s modulus value of 23.0 +/- 2.7 GPa was determined.  
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